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Abstract—In this paper, a deterministic channel model for
vehicle-to-vehicle (V2V) communication, is compared against
channel measurement data collected during a V2V channel mea-
surement campaign using a channel sounder. Channel metrics
such as channel gain, delay and Doppler spreads, eigenvalue
decomposition and antenna correlations are derived from the ray
tracing (RT) simulations as well as from the measurement data
obtained from two different measurements in an urban four-
way intersection scenario. The channel metrics are compared
separately for line-of-sight (LOS) and non-LOS (NLOS) situation.
Most power contributions arise from the LOS component (if
present) as well as from multipaths with single bounce reflections.
Measurement and simulation results show a very good agreement
in the presence of LOS, as most of the received power is
contributed from the LOS component. In NLOS, the difference is
large because the ray tracer is unable to capture some of the multi
bounced propagation paths that are present in the measurements.
Despite the limitations of the ray-based propagation model
identified in this work, the model is suitable to characterize the
channel properties in a sufficient manner.
I. INTRODUCTION
VEHICLE-TO-VEHICLE (V2V) communication has re-cently attracted considerable attention from both
academia and industry as it facilitates cooperative driving
among vehicles for improved safety, collision avoidance, and
better traffic efficiency. The radio channel poses one of the
main challenges for V2V communication systems design be-
cause the V2V channel is highly dynamic. Fast variations
in the traffic density, varying vehicle speeds and changing
roadside environments, with a height of transmitter (TX)
and receiver (RX) antennas relatively close to the ground
level makes the V2V channel significantly different from the
well studied channels of other technologies such as cellular
networks. Thus, a deep understanding of the underlying prop-
agation channels is required.
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In order to characterize V2V channel properties, a number
of channel measurements and ray-tracing simulation-based
studies have been presented in recent years, e.g., [1]–[9]. In
addition to that a large body of work on statistical channel
modeling with measurement verification is conducted in the
past [10], [11]. Despite these efforts, there is still a need
for adequate and reliable, deterministic as well as stochastic
channel models allowing a realistic V2V system analysis [2],
[12].
The measurement based investigations require a lot of effort
and are costly in contrast to the deterministic model based
ray-tracing simulations which allow to investigate any desired
scenario with less effort and reduced complexity. However,
the results obtained from the ray tracing simulations strongly
depend on the implemented mathematical models as well as
on the accuracy of the data used to describe the environment.
Thus, it is necessary to validate the simulations. Most of
the measurement and simulation studies in the past have
almost exclusively been performed independently except in
a few cases [7], [13], [14]. This study is an extension of
the work presented in [14], in which the simulation results
obtained using a ray-optical model were compared against the
results obtained from the DRIVEWAY channel measurements
performed in the city of Lund using the RUSK Lund chan-
nel sounder [4]. The ray-tracing simulator is developed by
the researchers at TU Braunschweig especially for vehicular
communications at the 5.9 GHz band [5]. The simulations were
done for the same urban intersections as where the measure-
ments were performed. In [14] the analysis was limited to a
single-input single-output (SISO) antenna configuration and a
comparison was made only in terms of power delay profile
(PDP) and path loss metrics.
The importance of an urban street intersection scenario
is that the line-of-sight (LOS) path is often obstructed by
surrounding buildings which strongly limits the wave prop-
agation and affects the link reliability in a crucial manner.
In such a scenario the communication is highly dependent
on the availability of reflected multipath components (MPCs)
which in turn depend on the location of the scatterers, street
width, distance to the intersection, and side distance of the
transmitting node to surrounding buildings. Some path loss
models have been derived to characterize such scenarios [6],
[16] and validated using channel measurement data [17]. Both
models assume an intersection with perpendicular side roads
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Fig. 1. (a) Google Earth
TM
[15] aerial image of the investigated urban crossroads scenario in the city of Lund with two vehicles moving towards the
intersection at a speed of approximately 10m/s (N55◦ 42′ 37′′, E13◦ 11′ 15′′). (b) and (c) show the perspective from the receiving vehicle RX −M1 and
TX −M1, respectively.
and cannot directly be applied to intersections with an irregular
geometry. Hence, urban intersections constitute an interesting
scenario to investigate where a flexible semi-deterministic
channel model for V2V communications is still required.
The main contribution of this work is a detailed evaluation
of V2V channel parameters by comparing the results obtained
from the ray-tracing simulations and measurements for a
4 × 4 multiple-input multiple-output (MIMO) configuration
in a four-way-urban street intersection scenario is presented.
This paper is a sustained continuation of the work presented
in [14], where channel metrics like PDP, channel gain and
delay spreads have been analyzed for one V2V scenario. In
addition to that, the following channel metrics related to the
time-variant nature of the channel and to multi-antenna system
are derived in this paper:
• Doppler spreads,
• eigenvalue distribution, and
• MIMO diversity
for two different TX and RX configurations are compared
against each other. The measurement data is analyzed sepa-
rately for both LOS and NLOS situations, where mean and
standard deviation of the error is provided individually for
each of the channel metrics. With the help of these channel
metrics the accuracy of the ray-tracing tool is analyzed and
possible flaws or limitations of the underlying channel models
are identified.
The remainder of the paper is organized as follows: Section
II describes the measured urban intersection scenario as well as
the different configurations of the TX and RX vehicles used
during the measurements. Section III describes the RUSK-
Lund channel sounder and the measurement setup. In section
IV the ray-optical channel model used for the simulations is
described. The channel measurement data and the simulation
data are compared and analyzed in section V. Finally, in
section VI the discussion is summarized and conclusions are
presented.
II. URBAN INTERSECTION SCENARIO
For the comparison of simulation results against measure-
ment data, we have chosen an urban four-way intersection
(N55◦ 42′ 37′′, E13◦ 11′ 15′′, see Fig. 1(a)) in the city of Lund,
Sweden.
The scenario is exactly the same as the narrow urban sce-
nario described in [18]. Two measurements have been selected
for the analysis: M1) when the TX and RX cars are driving
from the streets TX−M1 and RX−M1, and M2) when the
TX and RX cars are driving from the streets TX −M2 and
RX −M2, respectively, towards the intersection at a speed
of approximately 10 m/s. The line-of-sight (LOS) component
is obstructed by four-story buildings arranged along each leg
of the intersection. On the walls of the buildings there were
doors and windows and balconies with metallic frames. The
canyon of the street is quite narrow and ranges from 14−17 m.
The four side roads are not perfectly perpendicular. During
the measurements there were parked vehicles along both sides
of the streets. Furthermore, there were some traffic signs and
lamp posts in the close environment of the intersection. The
photos shown in Fig. 1(b) and Fig. 1(c) show a view from the
RX vehicle of the the street RX−M1 and the TX vehicle of
the street TX −M1, respectively. It is worth mentioning that
in M1 a bus is driving in front of the RX and turns left from
RX −M1 street to TX −M1 street in Western direction at
the beginning of the scenario.
III. CHANNEL MEASUREMENT SETUP
The RUSK Lund channel sounder, which performs MIMO
measurements based on the switched array principle, was
used to record the complex time-varying channel transfer
function H(f, t) ∈ CMR×MT , where MT and MR denote
the number of transmit and receive antennas, respectively.
The corresponding channel impulse response (CIR), h (τ, t),
is derived from H(f, t) by applying a Hann window to
suppress side lobes and then an inverse Fourier transform is
performed. For each measurement the sounder sampled the
channel for 10 s using a time increment of ∆t = 307.2µs
3over a bandwidth of 240 MHz at 5.6 GHz carrier frequency.
Two regular hatchback cars with a height of 1.73 m and each
equipped with a four-element antenna array were used to
perform V2V measurements. Each antenna element in the
array had a somewhat directional beam pattern pointing; 1)
left, 2) back, 3) front, and 4) right, respectively These antenna
arrays, integrated into the existing radomes (’shark fins’) on the
car roof, were specifically designed for V2V communications
[19]. The interested reader is referred to [4], where a detailed
description of the measurement setup can be found.
IV. 3D RAY-OPTICAL CHANNEL MODEL
The radio channel of the V2V scenario described above is
characterized by utilizing a deterministic propagation model
based on the ray-tracing principle [20]. The ray-based model
has been specifically designed for the analysis of V2V commu-
nication scenarios [5], [21]. It includes a full 3D representation
of the wave propagation and comprises the full-polarimetric
antenna gain patterns of the TX and the RX, respectively.
Several radio propagation mechanisms are taken into account
to properly model the multipath nature of V2V channels. First
of all, the LOS path between TX and RX – if not obstructed by
obstacles like buildings – is calculated based on the distance
between both nodes and the free-space path loss formula.
Scattering caused by surrounding objects is modeled in two
different ways. On the one hand, specular reflections, i.e., the
angles of the incident ray and the reflected ray are the same,
are calculated by solving the well-known Fresnel equations.
The corresponding reflection points are obtained by applying
the image method [20]. Note that multi bounce interactions can
be theoretically considered up to the n-th order in the case
of specular reflections. However, for reasons computational
complexity the order of specular reflections is practically
limited to three or four depending on the complexity of the
investigated scenario. On the other hand, scattering in terms
of non-specular reflections, i.e., diffuse scattering, is simulated
by applying the Lambert’s emission law [22]. Precisely, the
surface of an object that can be seen by both TX and RX
is segmented into small tiles and, afterwards, for each tile a
single scattering process is solved according to the Lambert’s
emission law in order to obtain the corresponding scattering
coefficients. It is worth mentioning that the current imple-
mentation of diffuse scattering accounts for single bounce
interactions only. As it is shown later, this is a major limitation
of the model when characterization the V2V channel in urban
street canyons. Furthermore, the current propagation model
does not include diffraction. From the author’s point of view
it seems reasonable to neglect the contributions caused from
diffracted waves at a frequency of 5.9 GHz (cf. [18]).
In order to characterize the V2V radio channel using the ray-
based model, the investigated scenario has to be described in
detail, including all buildings and obstacles that mainly interact
with the transmitted signal and, therefore, affect the wave
propagation. For the analysis presented in this manuscript,
building data for the design of a virtual scenario is obtained
from OpenStreetMap (OSM).1 In [23], a guideline and a proof-
1See www.openstreetmap.org
of-concept how to make use of OSM building data for 3D
ray-tracing simulations is presented. The current development
status of the database provides a detailed description of
the buildings in metropolitan areas. Note that OSM usually
provides only rare information about the individual height
of buildings. However, the accurate building height is not
essential in this peer-to-peer scenario as most of the wave
propagation takes place at street level. For this reason, we
have set the height of all building for this analysis to 15 m
that is close to real height of the four- to five-story buildings
that are placed along the roadside. By analyzing videos cap-
tured during the measurements and on-site inspections of the
intersection, we further identify relevant obstacles like traffic
signs, lamp posts or parked cars along the roadside and add
these objects in a simplified manner to the virtual scenario.
The positions of the moving TX and RX are reproduced
using the GPS coordinates logged during the measurement
runs. A time resolution of 10 ms has been chosen to initially
sample the virtual scenario. For each snapshot the ray-based
model determines the propagation paths (rays) including its
electro-magnetic properties. Depending on the number of rays,
the computation time (accounting for multi bounce specular
reflections of order three) for one snapshot is in the range from
a few milliseconds up to ten seconds using a standard desktop
personal computer. In order to further increase the time reso-
lution of the sampled radio channel, a post-processing routine
[21] is applied afterwards. By exploiting the knowledge about
the propagation paths determined by the ray-based model
it becomes possible to derive the ray information between
two adjacent snapshots without using the time-consuming ray
tracer. In this way, the time resolution of the sampled scenario
is increased to 100µs enabling an adequate modeling of the
Doppler effect. The intermediate result is a set of rays for
each snapshot of the V2V scenario as exemplarily illustrated
in Fig. 2.
After a coherent superposition of all determined rays, the
final output of the ray-based model is the time-variant CIR
h(τ, t) ∈ CMR×MT , which completely characterizes the
frequency-selective channel for each TX/RX link. We can
express the CIR as
h (τ, t) =
N(t)∑
k=1
ak(t) · ej(2pifτk(t)+ϕk(t)) · δ(τ − τk) (1)
=
N(t)∑
k=1
a˜k(t) · δ(τ − τk), (2)
Fig. 2. Simulation of the underlying urban intersection scenario by means
of ray tracing. The data of the environment includes buildings, traffic signs,
lamp posts as well as parked cars along the roadside.
4where the k-th multipath component is described by the ampli-
tude ak (t), the delay τk(t) and the phase shift ϕk(t) at time t.
N(t) and f denote the number of multipath components for
each time instance and the carrier frequency of the system,
respectively. Based on the predicted CIR further metrics like
the PDP, the channel gain or the RMS delay spread can be
derived and compared with measurement-based data.
V. ANALYSIS
The main objective of this paper is to perform a validation
of the ray-tracing simulation results for the V2X channel by
means of a comparison with measured channel data. In the
simulations, we have restricted the order of specular reflections
to second order in order to keep the complexity low. Moreover,
non-specular reflection of order higher than one and diffuse
scattering are not included either. Given these restrictions and
limitations, the goal is to find out how well the channel
properties can be described using ray tracing simulations under
those conditions. Signal reception is significantly different in
LOS and NLOS situations, we thus characterize the channel
metrics separately for LOS and NLOS situations.
A. Power Delay Profile and Doppler Spectral Density
The time-variant APDP is calculated by using the time-
variant 4×4 MIMO channel transfer function H(t, f) obtained
from the measurement data as well as from the simulations as
follows,
Pτ (tk, τ) =
1
Navg
Navg−1∑
n=0
|h(tk + n∆t, τ)|2, (3)
where the Pτ (tk, τ) ∈ RMR×MT is averaged over a window
of Navg time snap-shots such that Navg∆t = 57 ms corre-
sponding to a TX/RX movement of about 10 wavelengths at
a speed of approximately 10 m/s. Furthermore, the processing
includes noise reduction of the measurement data as described
in [18].
The resulting APDP of the measurements and the simula-
tions are depicted in Fig. 3(a) and 3(c) for M1 and in Fig. 3(b)
and 3(d) for M2. At first sight, we find a good agreement when
comparing the simulated APDP against the measurement data.
Several MPC can be identified in both figures. However, there
are individual discrete scatterers as well as diffuse scatterers
that can be found in the measured APDP but not in the
simulated one and vice versa. In the following, the observed
differences will be discussed in more detail.
In the very first few seconds the TX and RX were far from
the street intersection and the LOS between them was blocked
by the buildings at the corners in both scenarios, the LOS
components (C) and (F) appear at approximately 6.8 s and 7.9 s
in M1 and M2, respectively. The number of MPCs originating
from discrete as well as diffuse scatterers in the measured
APDP is much higher than in the simulated APDP because of
the incomplete building data. In the simulations, the faces of
each building are assumed to be plane surfaces with a single
reflection coefficient, and the effects of doors, windows and
balconies have not been taken in to account. Moreover, in the
simulations MPCs with first and second order reflections from
the static objects are considered only. In urban environments,
reflections of much higher order up to 12 as shown in [24]
exist. However, the reflections with order higher than two in
LOS and four in NLOS do not have significant contribution
to the received power at 5.9 GHz as shown in [14].
The group of arrows (D) and (G) in Fig. 3 point at several
specular and non-specular MPCs that possibly originate from
nearby buildings and are captured in measurements as well
as in simulations. There are power contributions (E) and
(H) originating from the same building which has a metallic
sheet on its walls but it does not act as perfect metallic
surface in reality. However, in the simulations that building
is considered as a metallic object which results in a slightly
higher power contribution in contrast to the measurements for
that component. This example, and other similar cases points
to the need for a very detailed description of the environment
if one aims for an almost ideal match between measurements
and simulations. But as seen, for the considered scenario, a
good match can be achieved with reasonable complexity using
available building database.
B. Channel Gain
Based on the APDP, we calculate the time-variant channel
gain, which includes the impact of the used antennas and the
system loss, as
G(tk) =
∑
τ
Pτ (tk, τ). (4)
However, for the measured channel gain the impact of noise
has been removed by setting any component below the noise
threshold plus 3 dB to zero in the APDPs. Similar noise
thresholding has been performed when calculating the delay
and Doppler spreads. The noise power is estimated from the
regions where no signal is present in the APDPs. Figures 3(e)
and 3(f) show the predicted channel gains obtained from
ray-tracing simulations compared with the measurement data
as well as with the empirical channel model for both the
scenarios. The simulated channel gains correspond to a plain
scenario, where static objects like buildings, street signs and
lamp posts are included, but all the parked and moving
vehicles have been removed in order to reduce the simulation
time. Note that we have also compared the simulation results
of the full scenario including everything mentioned above with
the plain scenario and have found only a marginal differences
in the channel gain values.
In Fig. 3(e), a very good agreement is found between
measurement, model and simulation results in the LOS region
(t ≥ 6.8 s) and in the transition region from NLOS to LOS
(6.8 s≥ t ≥ 5.7 s). Similarly, in Fig. 3(f), a very good agree-
ment is found between measurement, model and simulation
results mainly in the LOS region (t ≥ 7.9 s) and the region 1 s
before the LOS. The most significant power contribution arises
from the LOS component and the first order specular and non-
specular reflections that are captured by the ray-tracer. There
is a noticeable difference of about 8−10 dB during the NLOS
periods (t ≤ 5.7 s) and 6 − 40 dB during the NLOS periods
t ≤ 7.9 s) in Fig. 3(e) and Fig. 3(f), respectively. However,
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Fig. 3. Averaged time-varying power delay profile obtained from the channel sounder data ((a), (b)), the predicted CIRs using the ray-tracing channel model
((c), (d)), and measured versus simulated channel gain compared with an empirical channel model ((e), (f)) from M1 and M2, respectively. The first and
second order reflections from the static objects are considered only.
the difference between the channel gain from the empirical
model and simulations is relatively small due to the fact that
the model is develop based on a large amount of data set and
the intersections where the measurements were taken didn’t
have as many metallic windows or balconies as they are in
considered intersections.
It is evident from the APDPs that in the NLOS situation the
ray tracer underestimates the channel gain. We have found two
reasonable explanations for this huge gap in NLOS situations
of both scenarios: 1) The buildings in the four corners of
the investigated intersections feature a lot of glass or metallic
surfaces (e.g. windows and balcony elements) that yield strong
power contributions at the receiver caused by specular and
non-specular reflections. Especially, in scenario M2 we find
a significant reflection (cf. arrow (I) in Fig. 3(b)) that is
present even at the beginning of the scenario where both
TX and RX are far away from the intersection. The same
measurement was analyzed in [17], where the results were
compared against a measurement based NLOS pathloss model.
It was found that the NLOS model too was unable to capture
such a strong reflection coming from metallic surface on
the wall which is not typical for NLOS situations in urban
intersections. Please note that a similar strong reflection can
be identified in scenario M1 (cf. arrow (A) in Fig. 3(a))
which is blocked by earlier mentioned the left-turning bus
for 0.5 s < t ≤ 3 s. The corresponding MPCs can also be
found in the simulation-based PDPs (cf. arrows (B) and (I)
in Fig. 3(c) and Fig. 3(d), respectively). However, the ray
tracer treats the walls of the buildings as homogeneous and
concrete surfaces which explains why the power contribution
in the simulations is too small. The inclusion of individual
objects, like windows or balconies, with different material
60 2 4 6 8 10
0
20
40
60
80
100
Time [s]
R
M
S 
de
la
y 
sp
re
ad
 [n
s]
 
 
NLOS LOS
Measured
Simulation
(a)
0 2 4 6 8 10
0
20
40
60
80
100
Time [s]
R
M
S 
de
la
y 
sp
re
ad
 [n
s]
 
 
NLOS LOS
Measured
Simulation
(b)
Fig. 4. Measured versus simulated time-varying RMS delay spread of: (a)
M1 - with percentage error of 48.2% in NLOS and 41.5% in LOS, and (b)
M2 - with percentage error of 45.2% in NLOS and 39.5% in LOS.
parameters need further implementation efforts, leading also
to an increased computational complexity of the model but
should of course also result in better accuracy.
The second reasonable explanation is: 2) The ray tracer
does not capture the effects of higher-order non-specular
reflections at all since these phenomena are not implemented
in the mathematical model. Especially, the metallic and glass
element on the buildings close to the intersection provide good
conditions for multi-bounce interactions of the transmitted
waves on the way to the receiver. This fact leads to an
additional mismatch between measurement and simulation for
the investigated intersection.
The results are summarized by presenting the mean error
µ = E{(t)} (5)
and the standard deviations
σ =
√
E {|µ− (t)|2} (6)
between simulated and measured channel gains where the error
 is given by
(t) = Gmeas(t)−Gsim(t). (7)
The values are given in Table I for both the measurements
M1 and M2, separately for the LOS and NLOS.
C. Delay and Doppler Spreads
In a multipath propagation environment the signal spreads
both in the delay and the Doppler domains. A number of
delayed and scaled copies of the transmitted signal arrive
at the receiver, and the effect of motion of the TX, RX
or scatterers induce frequency and time selective fading that
can be characterized by the root mean square (RMS) delay
and Doppler spreads, respectively. These measures inversely
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Fig. 5. Measured versus simulated time-varying RMS Doppler spread of:
(a) M1 - with percentage error of 52.4% in NLOS and 47.2% in LOS, and
(b) M2 - with percentage error of 62.4% in NLOS and 53.9% in LOS..
proportional to the coherence bandwidth and coherence time of
the channel, respectively [25]. The instantaneous RMS delay
spread is the normalized second-order central moment of the
time-variant PDP Pτ (tk, τ) and is defined as
Sτ (tk) =
√∑
i Pτ (tk, τi)τ
2
i∑
i Pτ (tk, τi)
−
(∑
i Pτ (tk, τi)τi∑
i Pτ (tk, τi)
)2
. (8)
The measured and simulated RMS delay spreads are shown
in Fig. 4(a) for M1 and in Fig. 4(b) for M2. The delay
spread of the simulated data is mostly smaller than the delay
spread of measured data because the number of specular MPCs
captured by the ray tracer are much smaller than of the mea-
surements due to the limited information about the scattering
environment. In addition to the aforementioned discrete MPCs
that are missing, parts of the diffuse scattering that can be
observed in the measured PDP with large delays do not appear
in the simulations. The mean error and standard deviation are
obtained by (5) and (6), respectively, whereas (t) refers to the
error between the measured and simulated RMS delay spread
as a function of time. The values are summarized in Table I.
We find a reasonable agreement, with a mean error of around
24 ns mean error in the LOS and approximately the same in the
NLOS situation for both M1 and M2. As a result, we notice
the capability of the deterministic channel model to provide
reliable information about the time-dispersive behavior of the
urban channel, though with some underestimation
Similarly, the instantaneous RMS Doppler spread is the
normalized second-order central moment of the time-variant
Doppler spectral density (DSD). The DSD Pν(tk, ν) is calcu-
lated analogous to PDP by taking the Fourier transform in the
time domain over a sliding window of Navg snapshots and
averaged over the delay domain. The Doppler spread can be
computed as
7Sν(tk) =
√∑
i Pν(tk, νi)ν
2
i∑
i Pν(tk, νi)
−
(∑
i Pν(tk, νi)νi∑
i Pν(tk, νi)
)2
. (9)
The measured and simulated RMS Doppler spreads are shown
in Fig. 5(a) for M1 and in Fig. 5(b) for M2. The mean
error and standard deviation are obtained by (5) and (6),
respectively, whereas (t) here refers to the error between
the measured and simulated RMS Doppler spread and are
summarized in Table I. As mentioned above, only static objects
are considered in the simulations and the number of MPCs
captured by the ray tracer is smaller than what can be identified
from the measurements. Although the Doppler spread of the
simulated data is smaller than that of the measured data, the
ray tracing model is able to capture most of the significant
MPCs. The higher Doppler spread in the measured data is
due to many incoming waves from all directions (angles) at
the receiver, originating from scatterers such as moving and
parked vehicles, details at the building walls, etc. The ray
tracing model does not capture all of these details, in turn
results in a smaller spread in the Doppler domain.
D. Antenna Diversity
Random fluctuations in the signal power due to multipath
propagation caused by scattering impair the wireless channel
across space, time or frequency. This is commonly known as
channel fading. Diversity techniques are developed to combat
fading by combining several independently faded version of
the same transmitted signal at the receiver to improve link
reliability by improving the signal-to-noise ratio (SNR). Thus,
diversity is an important metric to be analyzed in order to
validate the performance of ray-tracing channel simulations
for MIMO V2V systems.
Among the diversity techniques, here spatial, or antenna,
diversity is of particular interest in which multiple antennas
at the TX and/or RX are used to exploit the diversity gain.
In order to evaluate antenna diversity captured in the ray-
tracing simulations we compare two metrics, the eigenvalue
distribution and antenna correlation in the following.
1) Eigenvalue distribution and array gain: The eigenval-
ues (EVs) and their distributions obtained from ray-tracing
simulations are compared against the ones obtained from the
measurement data as they capture important properties of
the array and the medium [26]. An SVD expansion of the
normalized channel matrix H ∈ CMR×MT can be written as,
H = U · S · V ∗, (10)
where U is an MR × MR unitary matrix, S is a diagonal
matrix of real non-negative singular values σm where m =
1, 2, ...,min{MR,MT }, and V ∗ (the conjugate transpose of
V ) is an MT ×MT unitary matrix. Singular values of H are
the square roots of the eigenvalues of H ·H∗.
In Fig. 6(a) and 6(b), the time evolution of the eigenvalues,
λm where m = 1, 2, ...,min{MR,MT }, of the measured
and simulated data are compared for both M1 and M2. The
markers represent measured eigenvalues whereas the lines
represent simulated eigenvalues. It is interesting to notice that
the eigenvalues of the measured and simulated data are very
similar. For the first 5 s in both M1 and M2 the eigenvalues
look the same, but the scenario is NLOS and the available
signal power is very weak. In such a situation the noise, which
is approximately i.i.d. Gaussian in both the measurements as
well as in the simulations, is dominating. This in turn gives
the same eigenvalues. However, in Fig. 6(b) the are some
differences in the eigenvalues between 2 − 5 s because of
the presence of the dominating MPC in the NLOS in M2
as discussed before.
In Fig. 6(c)-6(d) the eigenvalues are plotted as a function
of channel gain. The eigenvalues are shown only for the
samples where the channel gain is higher than −100 dB, for
the region in time where signal is dominating the noise. As
the ray tracing simulations do not extract all MPCs and thus
provides lower channel gain, we see some gaps in the plots
where the eigenvalues correspond to lower channel gain than
in reality. The mean and standard deviation of the error in the
eigenvalues are listed in Table I.
2) Antenna correlations: Multiple antennas at the TX or at
the RX can improve the system performance through diversity
arrangements, but their benefits can only be fully utilized if
the correlation between signals at different antenna elements
is low [27]. Thus, antenna correlation for both the TX and the
RX array is an important parameter to study. The time-variant
antenna correlation ρRXij (tk) between the RX elements i and
j is calculated as
ρRXij (tk) =
Navg∑
nt=1
Nf∑
nf=1
∑MT
m=1Hi,mH
∗
j,m√∑MT
m=1 |Hi,m|2
∑MT
m=1 |Hj,m|2
.
(11)
Similarly, the correlation ρTXij (tk) between the TX elements i
and j is calculated as,
ρTXij (tk) =
Navg∑
nt=1
Nf∑
nf=1
∑MR
n=1H
∗
n,iHn,j√∑MR
n=1 |Hn,i|2
∑MR
n=1 |Hn,j |2
, (12)
where Hn,m is a block matrix for each time instant tk, nth RX
and mth TX elements, respectively, such that H ∈ CNavg×Nf
and H∗ is the conjugate transpose of H . Nf is the number of
frequency bins within measurement bandwidth.
In Fig. 7, the correlation between the antenna elements
is shown as a function of time. The correlation between
the elements is almost zero from t = 0 s until t reaches
approximately 6 s. In this time interval, i.i.d. Gaussian noise
is the dominating contribution, which result in mostly uncor-
related subchannels. In the absence of LOS, and it increases
as the vehicle gets close to the intersection. The correlation
between all elements is higher when there is LOS between
the TX and RX in both M1 and M2. The antenna correlation
coefficients for consecutive antenna elements 1 − 2, 2 − 3,
and 3 − 4 of both the RX and TX arrays for M1 are shown
in Figs. 7(a), 7(c), and 7(e). The measured and simulated
correlation coefficients are not exactly the same but show a
similar trend over the time. Similarly, the antenna correlation
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Fig. 6. Measured versus simulated eigenvalues: Figs. 6(a), and 6(c) represent M1 and Figs. 6(b), and 6(d) represent M2.
TABLE I
MEAN µ AND STANDARD DEVIATION σ OF THE ERROR IN THE ESTIMATED PARAMETERS OBTAINED FROM THE SIMULATED DATA WITH RESPECT TO
MEASUREMENT DATA FOR BOTH M1 AND M2.
Parameters LOS NLOS
M1 M2 M1 M2
(µ1, σ1) (µ2, σ1) (µ′1, σ
′
1) (µ
′
2, σ
′
1)
Channel gain Gh [dB] (0.87, 1.66) (3.12, 5.43) (11.2, 2.75) (26.2, 6)
Delay spread τ [ns] (24.5, 13.5) (23.2, 17.2) (24, 17.5) (9.3, 20)
Doppler spread µ [Hz] (64.8, 28.9) (62.7,20.1) (40.4, 10.2) (34.4,6.34)
λ1 [dB] (-0.07, 0.38) (-0.07, 0.49) (0.104, 0.19) (0.28, 0.26)
Eigenvalues λ2 [dB] (1.88, 4.26) (0.92, 2.5) (-0.21, 0.51) (-0.49, 0.59)
λ3 [dB] (2.41, 3.36) (1.55, 3.18) (-0.37, 0.76) (-0.69, 0.75)
λ4 [dB] (2.41, 3.1) (1.08, 3.23) (-0.52, 0.98) (-0.77, 0.82)
ρ12 (-0.31, 0.23) (-0.31, 0.24) (-0.032, 0.11) (0.1, 0.1)
TX ρ13 (-0.12, 0.3) (-0.11, 0.33) (0.07, 0.108) (0.117, 0.12)
antenna ρ14 (-0.12, 0.23) (-0.14, 0.26) (0.02, 0.106) (0.17, 0.13)
correlations ρ23 (-0.12, 0.17) (-0.18, 0.27) (0.1, 0.19) (0.12, 0.1)
coefficients ρ24 (-0.13, 0.27) (-0.14, 0.25) (0.03, 0.12) (0.17, 0.14)
ρ34 (0.11, 0.23) (-0.07, 0.23) (0.07, 0.14) (0.21, 0.13)
ρ12 (-0.22, 0.21) (-0.27, 0.27) (0.043, 0.11) (0.07, 0.09)
RX ρ13 (-0.20, 0.33) (0.02, 0.2) (-0.002, 0.104) (0.04, 0.07)
antenna ρ14 (-0.03, 0.19) (0.026, 0.15) (-0.007, 0.08) (0.06, 0.09)
correlations ρ23 (-0.18, 0.18) (-0.17, 0.23) (0.05, 0.09) (0.21, 0.16)
coefficients ρ24 (0.008, 0.33) (-0.21, 0.33) (0.02, 0.09) (0.16, 0.15)
ρ34 (-0.01, 0.16) (0.03, 0.21) (-0.01, 0.103) (0.17, 0.14)
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Fig. 7. The correlation between the antenna elements 1− 2, 1− 3, and 1− 4 is shown as a function of time. Figs. 7(a), 7(c), and 7(e) represent M1 and
Figs. 7(b), 7(d), and 7(f) represent M2.
coefficients for antenna elements 1−2, 2−3, and 3−4 of both
the RX and TX arrays for M2 are shown in Figs. 7(b), 7(d),
and 7(f). For M2, again the correlation between 2 − 5 s is
higher for measurement than that in simulations. However, in
the presence of LOS the correlation of the TX and RX from
the simulation and measurement show similar trend. The mean
and standard deviation of the error in correlations is listed in
Table I.
VI. CONCLUSION
The characterization of an urban intersection for V2V
channel is non-trivial as many details of the environment
may have a huge impact on the experienced radio channel.
This includes material, position and alignment of buildings,
street width, location and density of road side objects etc. An
accurate modeling is required for safety-critical system design,
which in turn requires a full understanding of these physical
effects. Deterministic models such as those achieved with a
ray tracer are anticipated to be good candidates to model such
complex scenarios.
In this paper, we have presented an accuracy analysis of ray
tracing based simulation of V2V channels in an urban intersec-
tion scenario with the help of real channel measurements. We
have compared important channel metrics, namely power delay
profile, channel gain, delay and Doppler spreads, eigenvalues
and antenna correlations that are obtained from both channel
sounder measurements and simulation results using a ray-
based channel model. We have found a good accuracy of
the simulation results in the sense that the present physical
phenomena of wave propagation are captured by the ray tracer.
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Variations between measurements and simulations are consis-
tent and can be explained with the microscopic features of the
investigated scenario. The current release of the ray-tracing
routines constitue a good basis to characterize the urban V2X
radio channel. However, we have identified limitations of the
ray tracing model in terms of multi bounce diffuse scattering.
In this context, non-specular reflections are currently only
taken into account for the first order (single bounce). This
presented analysis has revealed that multi bounce diffuse
scattering causes considerable power contributions in urban
NLOS scenario. In term of computational complexity an
extension of the ray tracing routine to capture these effects
is a remarkable challenge and remains for future work. By
analyzing the aforementioned metrics, both tools are evalu-
ated on their accuracy and possible flaws of the underlying
propagation models are identified. Due to a direct comparison
of channel sounding data and ray-tracing simulations of a
specific V2X scenario we provide enlightening insights which
propagation effects cannot be neglected when modeling a V2X
intersection scenario. Based on the results obtained from this
analysis the main goal of the authors is develop a robust and
flexible propagation model for the analysis of an arbitrary
V2X intersection scenario. Such a model can be integrated
into network simulators of other research groups and provides
better approximation of a deterministic channel characteriza-
tion in safety-critical urban traffic scenarios. Enabling finally
the cost-efficient and flexible simulation of realistic vehicular
communication scenarios might be an important driver for the
worldwide development of future V2X applications.
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